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Galactic and Extragalactic Samples of
Supernova Remnants: How They Are Identified
and What They Tell Us
Knox S. Long
Abstract Supernova remnants (SNRs) arise from the interaction between the ejecta
of a supernova (SN) explosion and the surrounding circumstellar and interstellar
medium. Some SNRs, mostly nearby SNRs, can be studied in great detail. However,
to understand SNRs as a whole, large samples of SNRs must be assembled and stud-
ied. Here, we describe the radio, optical, and X-ray techniqueswhich have been used
to identify and characterize almost 300 Galactic SNRs and more than 1200 extra-
galactic SNRs. We then discuss which types of SNRs are being found and which are
not. We examine the degree to which the luminosity functions, surface-brightness
distributions and multi-wavelength comparisons of the samples can be interpreted to
determine the class properties of SNRs and describe efforts to establish the type of
SN explosion associated with a SNR. We conclude that in order to better understand
the class properties of SNRs, it is more important to study (and obtain additional
data on) the SNRs in galaxies with extant samples at multiple wavelength bands
than it is to obtain samples of SNRs in other galaxies.
1 Introduction
Supernova remnants (SNRs) are the visible manifestation of the interaction between
material ejected in a supernova explosion (SN) and the surrounding circumstellar
and interstellar medium. SNRs radiate across the entire magnetic spectrum from
radio wavelengths to γ-rays. They provide the working surface where the elements
produced in stars and supernovae (SNe) and the kinetic energy of SN explosions
mix with and stir the interstellar medium (ISM). Shocks in SNR are responsible for
the cosmic rays.
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SNRs are heterogenous. The observational appearance of a SNR depends in a
complexmanner upon local factors such the nature of the SN explosion, the presence
or absence of an active pulsar, the time since the explosion, the mass loss history of
the progenitor, the presence or absence of earlier SN, and the density and complexity
of the surrounding medium. Their appearance also depends on external factors such
as the amount of absorption along the line of sight and the distance to the object.
Samples of SNRs provide an instantaneous picture of where stars are exploding
in galaxies. It is only a partial picture though, because many SNe explode in young
massive star clusters, where other SNe have gone off recently. Superbubbles, the
emission nebulae created by the collective interaction of stellar winds and multiple
SN from young star clusters on the ISM [1], are excluded from this discussion,
and usually, though not always, have different observational characteristics. For the
purpose of this review, we define a SNR as the remnant of a single SN explosion.
Although two SNRs - the Crab Nebula and Kepler’s SNR - were identified earlier
[2], the study to SNRs really began with the advent of radio astronomy, as it became
clear that a significant number of bright sources in the plane of the Galaxy were
indeed SNRs. Today, there are about 300 identified Galactic SNRs, most within
90 degrees of the Galactic Center, and thus affected by interstellar absorption [3].
Most were first identified through their radio properties. The first extragalactic SNRs
were identified in the Magellanic Clouds in the 1960’s and 1970’s [4, 5] through a
combination of radio and optical techniques. Since then it has become possible to
assemble large samples of samples of SNRs in galaxies out to a distance of about
10 Mpc. Today there are about 59 SNRs and SNR candidates identified in the Large
Magellanic Cloud (LMC) at distance 50 kpc [6], 217 in M33 at 812 kpc [7, 8],
nearly 300 in M83 at 4.6 Mpc [9, 10], and 93 in M101 at 6.7 Mpc [11]. The total
number of SNRs and credible SNR candidates in nearby galaxies exceeds 1200,
four times the Galactic sample (see, e.g. the compilation of Vucˇetic´ et al. [12] and
Table 1). With the exception of SNRs in the Magellanic Clouds, nearly all of the
extragalactic SNRs have first been identified optically.
The goals of research on SNRs are to understand what factors cause SNRs, in-
dividually and collectively, to appear as they do, and to separate the environmental
factors from the astrophysics, such as the nature of the SN explosion and the effects
of the explosion on the ISM as a whole. Both the Galactic and the extragalactic
samples are important in this regard.
Because the SNRs in the Galactic andMagellanic Clouds samples are nearby and
bright, they provide the most direct confrontations of observations and theory. For
example, in Cas A, where spectra of the light echoes from the explosion show the SN
to have been of type IIb [13], Doppler imaging has allowed 3d reconstruction of the
the ejecta at IR, optical and X-ray wavelengths [14, 15] and the spatial distribution
of radioactive Ti from the explosion has been mapped [16]. And in SN1006, where
spatially resolved X-ray images were used to show that emission from the bright
radio rims was synchrotron dominated and hence that SN shocks are capable of
accelerating electrons to TeV energies [17], high spatial resolution X-ray images
obtained with Chandra are being used to limit the magnetic field amplification in
the shock precursor [18]. And, with a few exceptions, only in Galactic SNR is it
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possible to to identify pulsars and pulsar wind nebulae within a SNR [19], as seen,
for example, in G292+1.8 [20].
Extragalactic samples are also important: First, all of the SNRs observed in an
external galaxy are effectively at the same distance and thus it is straightforward to
translate observed fluxes and angular sizes to the physically more relevant quanti-
ties luminosity and diameter. Second, the effects of line of sight absorption on the
appearance of a SNR are generally less severe and less variable than in the Galaxy,
because one can choose to study external galaxies that are relatively face-on. Third,
it is easier, at least in principle, to account for observational selection effects in
extragalactic samples because one can often conduct studies of SNRs in external
galaxies with a single instrument at one time.
The SNRs in the Magellanic Clouds merit special mention in terms of their util-
ity; they are all at about the same distance along lines of sight with relatively little
interstellar absorption so that it is fairly straightforward to examine them as a class,
and close enough so that detailed multi-wavelength studies can be carried out of
individual objects.
The purpose of this article is to describe how the SNRs in the Galaxy and external
galaxies were and are continuing to be found, and to discuss the degree to which
these samples are actually helping to address the goals of research on SNRs. We
will conclude that we have accumulated much useful information about SNRs as a
class of objects, but that simple interpretations of the data, especially those that use
diameter as a proxy for effective age, are naive. Multifrequency studies, involving
X-ray, optical, IR, and radio observations, of galaxies where SNR samples already
exist are the best hope for gaining a more complete picture of SNRs as a class of
objects.
Fig. 1 An example of a SNR in M33 as described by Long et al. [7]. From left to
right, the panels show the field of the SNR as observed in X-rays with Chandra, and
in Hα , [S II] and the V-band continuum as observed in ground-based images from
the Local Group Galaxy Survey of Massey et al. [31]. Stars have been subtracted
from the emission line images. Notice that the Hα region seen in the lower left
corner of the Hα fades compared the the SNR in the [S II] image. Had this object
not been known as a SNR as a result of the optical observations, it would have been
discovered as an X-ray SNR due to its soft spectrum and spatial extent in the X-ray
image.
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Table 1. SNRs and SNR Candidates in Nearby Galaxies
Galaxy Distance SNRs References
(Mpc)
LMC 0.05 53 1;
SMC 0.06 25 2;
M31 0.79 156 3;
M33 0.84 217 4;5;
NGC300 2.00 22 6;
NGC4214 2.92 92 7;
NGC2403 3.22 150 8;9;
M82 3.53 50 10;
M81 3.63 41 8;
NGC3077 3.82 24 11;
NGC7793 3.91 27 12;
NGC4449 4.21 71 11;
M83 4.61 296 13;14;
NGC4395 4.61 47 11;
NGC5204 4.65 36 11;
NGC5585 5.70 5 15;
NGC6946 5.90 26 8;
M101 6.70 93 8;16;
M74 6.30 9 17;
NGC2903 8.90 5 18;
a References: (1) Maggi et al.[6]; (2)
Haberl et al.[21]; (3) Lee & Lee [22];
(4) Long et al.[7]; (5) Lee & Lee [8];
(6) Millar et al. [23]; (7) Leonadaki
et al.[24]; (8) Matonick & Fesen [11];
(9) Leonidaki et al. [24]; (10) Huang
et al.[25]; (11) Leonidaki et al.[24]; (12)
Blair & Long [26]; (13) Blair et al.[9];
(14) Blair et al.[27]; (15) Matonick & Fe-
sen [11]; (16) Franchetti et al.[28]; (17)
Sonbas¸ et al.[29]; (18) Sonbas¸ et al.[30];
2 Techniques for finding SNRs and SNR candidates
Most of the SNRs in the Galaxy were initially identified as extended radio sources
with non-thermal radio spectra. However, most extragalactic SNRs, and SNR can-
didates, an example of which is shown in Fig. 1, have been identified optically using
narrow band imaging. Progress has been rapid, due to the development of CCD de-
tectors, which coupled with the angular resolution of optical telescopes, allowed one
to isolate SNR candidates from H II regions. X-ray and radio discovery of SNRs in
external galaxies has largely, though not exclusively, been limited to the Magellanic
Clouds, where limitations associated with angular resolution and sensitivity are less
severe. Some progress in detecting SNRs in X-rays has been made with the launch
of Chandra and XMM-Newton and in the radio with the increasing sensitivity of the
Jansky Very Large Array (JVLA) and the Multi Element Radio Linked Interferom-
eter Network (MERLIN). The most useful studies of SNRs, especially in galaxies
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beyond the Magellanic Clouds, will be those that involve observations in at least
these three wavebands, so it is important to pursue each of them vigorously.
2.1 Optical Identification of SNRs
Optically, SNRs are extended sources, which must be distinguished from the other
type of emission nebulae – H II regions – that exist in galaxies. In SNRs, opti-
cal emission normally arises from shocks, most commonly from radiative shocks
driven into relatively dense clouds in the ISM by the primary shock wave. These
secondary shocks, with typical velocities v of 200 kms−1, heat the post-shock gas
to a temperature of order 500,000 (v/200 kms−1)2 K, ionizing it to a degree which
depends on the shock velocity. However, at these temperatures, the plasma radiates
very efficiently. As a result, gas cools behind the shock, increasing further in den-
sity, recombining to the neutral state on a timescale that is short compared to the
cloud crossing time. As a consequence, models predict [33, 34, 35] and observa-
tions show optical spectra containing forbidden lines from a wide range of ioniza-
tion states , including in the optical, [O III]λ λ4959,5007, [O I]λ λ6300,6363, [N
II]λ λ6549,6583, and [S II]λ λ6717,6731.
Unlike SNRs, the optical emission in H II regions arises from gas photoionized
by UV photons from hot stars. In H II regions, most of the optical emission is pro-
duced by recombination and emerges in the the Balmer lines. Most of the material
in H II regions is too highly ionized to produce forbidden lines of O I, S II, and N II.
Furthermore, at least in bright H II regions, there is a sharp boundary between fully
ionized gas inside the so-called Stro¨mgren sphere, and unionized gas in the region
outside the sphere, so there is relatively little gas at intermediate ionization states.
As a result, as shown in Fig. 2, the spectra of SNRs and H II regions differ.
First suggested as a technique by Mathewson & Clark [5], essentially all SNRs
that have been identified optically in external galaxies have been identified as emis-
sion nebulae with elevated [S II]:Hα ratios compared to H II regions. In bright H II
regions, the [S II]:Hα is typically about 0.1, whereas in SNRs the ratio is typically
0.4 or greater. Searches are conducted using interference filter imaging, with filters
centered on Hα (often also including a contribution from [NII]), [S II] and a contin-
uum band. One inspects these images for emission nebulae that show elevated [S II]
compared to Hα , designating as candidates extended objects with [S II]:Hα> 0.4.
(Occasionally, slightly lower or higher values have been used.) An example of a
SNR discovered in this way is shown in Fig. 1. The SNR is recognized by the fact
that it is relatively much brighter in the [S II] image than the H II region in the lower
left hand corner. Often, follow-up spectroscopy is carried out, which not only con-
firms the [S II]:Hα ratios, but also allows searches for additional SNR indicators,
usually [O I] emission, and in rare cases, velocity broadening of the lines.
The technique works best for isolated SNRs, where one can measure the ratio of
[SII]:Hα emission without the diluting effect of an adjacent/underlying H II region,
and for high surface brightness nebulae. Lower surface brightness H II regions tend
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to have higher [S II]:Hα ratios. In particularly, Blair & Long [26] found that in
NGC7793, the [S II]:Hα ratio often exceeds 0.5 in nebulaewith surface brightnesses
of less than 10−15 erg cm−2s−1arcsec−2. The Stro¨mgren sphere is simply not as well
defined in low density H II regions and the ionization levels drop more slowly with
distance from the ionizing stars than with higher density, so that there is an extended
region where ions, such as S II, are prevalent.
Partly to address these problems, many observers eliminate from consideration
nebulae with high [S II]:Hα ratios with obvious evidence of a concentration of blue
stars. The advantage of this strategy is that it makes it more likely that an object
identified as a SNR, actually is a SNR. The disadvantage is that SN do explode in
regions with blue stars, and one’s candidate list is less complete.
Observers also have to decide whether to include or exclude nebulae which sat-
isfy the [S II]:Hα test, but which are larger than expected from a single SN with a
typical explosion energy.Many of these objects are, as argued recently by Franchetti
et al. [28], superbubbles or collections of SNRs. Consequently, some observers have
excluded objects larger than (typically) 100 pc from SNR candidate lists [8, 22].
Others have retained them [11, 7], feeling any particular diameter arbitrary and ar-
guing that over time the reality or not of any particular candidate with be determined
by future observations.
Although the optical emission from most SNRs arises from radiative shocks in
gas with near interstellar abundances, several other types of optical emission are
observed less commonly in SNRs:
(a) A small number of SNRs exist, notably SN1006 and Tycho’s SNR, which
radiate only in the Balmer lines [36, 37, 18]. In these SNRs, the optical emission
arises from a so-called non-radiative shock, in which a fast shock, typically >1,000
kms−1, encounters a partially neutral ISM. In these situations, the cooling time be-
hind the shock is long compared to the age of the SNR, and the only optical radiation
arises as the plasma is ionizing. The surface brightness of the optical emission from
these Balmer-dominated SNRs is low compared to those that that emit via radiative
shocks, and the spectra are not easy to distinguish from H II regions. Consequently,
the only extragalactic SNRs to have been identified of this type have been in the
LMC [38], objects which were first detected as X-ray sources [39]. A few remnants
of this type continue to be discovered in the Galaxy, including recently G70.0-21.5
[40]. In principle, such objects could be discovered in other galaxies if observed
with sufficient spectral resolution to detect large velocity broadening; in practice,
it is more likely that a Balmer-dominated SNR will be identified first in another
wavelength range.
(b) SNRs also exist in which line emission arises from interactions with the ejecta
from core-collapse SNe, such as is the case for the Galactic SNRs, Cas A [41] and
G292+1.5 [42]. Optical emission from the ejecta of such SNe is characterized by
very strong emission from forbidden lines of O II and O III, which are very effi-
cient coolants for a plasma with abundances expected in the ejecta of core-collapse
objects [43]. A number of searches for SNRs of this type have been carried out. A
few objects have been found, e. g. E0102-72.9 in the SMC [44] and the remnants
of some very young SNe, such as SN1957D in M83 [45] and the very bright SNR
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in NGC4449 [46]. The numbers are, however, very small, and all of these objects
were first discovered by other means. Optical searches for these SNRs are difficult
because they are expected to be small diameter objects, and easy to confuse with
planetary nebulae and certain stars with strong emission lines..
(c) Finally, there are some SNRs, often referred to a pulsar wind nebulae, where
optical line emission arises from circumstellar material/ejecta photoionized by syn-
chrotron radiation due ultimately to the active pulsar. Unlike the photoionization
produced by thermal emission from hot stars, the hard power law synchrotron spec-
trum is capable of leaving the plasma in a large variety of ionization states, which
results in emission line spectra that look significantly different from a normal H II
region. In principle, such SNRs could be discovered through measurements of the
[S II]:Hα ratio, or could be buried in existing catalogs of extragalactic planetary
nebulae. To date, none has been recognized beyond the Magellanic Clouds, with the
possible exception of SN1957D in M83 [47].
2.2 Radio identification of SNRs
At radio wavelengths, SNRs in the Galaxy are extended, non-thermal radio sources.
Shell-like SNRs in particular typically have radio spectral indices ν−α of about 0.5
though with considerable dispersion (see, e. g. Fig. 6 of Dubner & Giaconi [48]).
H II regions, which are also extended sources at radio wavelengths, are the main
source of confusion. These are thermal radio sources, radiating primarily by free-
free emission, which has a spectral index of 0.1. This means that shell-like SNRs can
in principle be separated fromH II regions if the spectral index can bemeasured. The
pulsar-dominated SNRs, like the Crab Nebulae, have flatter spectral indices from 0.0
to 0.3 [49] and are harder to identify on this basis, but these constitute a relatively
small portion of the total sample of the Galactic sample, and would presumably be
a similarly small portion of any complete extragalactic sample as well.
Not surprisingly the first extragalactic radio SNRs to be identified/detected are
located in the Magellanic Clouds [4, 5]. Indeed, with the availability of the Aus-
tralia Telescope Compact Array (ATCA), all known SNRs in the Large and Small
Magellanic Clouds have been detected at radio wavelengths [6, 50].
Identification at radio wavelengths of SNRs in more distant galaxies has been
hampered by a number of factors. First, until very recently radio observations did
not generally have the combination of sensitivity and angular resolution necessary to
detect and measure the spectral indices of potential SNR candidates in more distant
galaxies. Secondly, SNRs are often found in regions with other diffuse emission
and this can dilute the spectral index of putative SNRs, especially in the absence
of multi-frequency maps with the same spatial resolution. Finally, as surveys have
grown more sensitive contamination from background sources has become an is-
sue, particularly in Local Group galaxies, which have substantial angular diameters.
Consequently, most of the radio-detected SNR candidates are sources which were
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identified as SNR candidates optically and then detected as radio sources (see, e. g.
Gordon et al. [51] for the case of M33).
There have been some searches particularly in galaxies outside the Local Group
where observers have identified as SNRs non-thermal radio sources with associated
Hα emission (see, e.g. [52, 53]). This mitigates the background source problem,
and is positive in the sense that it does not depend an optical SNR identification,
but it also introduces spatial biases into the sample that are difficult to quantify.
Objects such as RXJ1713-39 [54] and RX J0852.0-4622 (also known as Vela Junior)
[55], which have no associated Hα emission, and the historical SNRs, SN1006 and
Tycho, which are very faint in Hα would almost certainly be missed.
Lacey & Duric [52] used this approach to identify 35 radio point sources in
NGC6946 as SNRs, almost none of which were in Matonick & Fesen’s [11] list
of 27 optical SNR candidates. The radio sample in NGC6946 has radio fluxes cor-
responding to 0.1-2 times that of Cas A, and is systematically brighter than the
radio-detected optical sample in M33. The radio candidates are more closely asso-
ciated with bright H II regions and with the spiral arms than the optically identified
SNRs, which Lacey & Duric suggest is at least partially due to observational bi-
ases associated with identification of optical SNR candidates. They suspect SNRs
in the radio sample in NGC6946 are evolving in denser interstellar environments
than SNRs in the optical sample.
2.3 X-ray identification of SNRs
SNRs, as indicated in the leftmost panel of Fig. 1, are also extended sources at X-ray
wavelengths. Most have soft, line dominated X-ray spectra, arising from hot 1× 106
to 5× 107K gas produced by the reverse shock interaction with SN ejecta or the
primary shock interaction with the ISM. Even if the shocks speeds are high enough
to produce a plasma hotter than this, the spectra looks as if it has a temperature in
this range due to ionization equilibration effects. Chandra spectra obtained by Long
et al. [7] of the two brightest SNRs in M33 are shown in Fig. 3. A small number
of SNRs, those powered by pulsars, such as the Crab and 3C58 in the Galaxy, and
a few young synchrotron-dominated, SNRs, such as RXJ1713-39 and Vela Jr, have
power law spectra.
To give an indication of what one expects to see from an X-ray SNR in a nearby
galaxy, we show, in Fig. 4, estimated Chandra count rates for SNRs in the Sedov
phase at a distance of 1 Mpc as function of age and size, as calculated with the
program XSPEC, a routine used widely in the astrophysics community to fit X-
ray spectra [56]. The three sets of curves are for SNRs expanding into ISM with
densities of 10, 1, and 0.1 cm−3. These rates are indicative of a number of important
“facts” about the expected detectability of SNRs in X-rays. SNRs brighten through
much of their Sedov phase and are easiest to detect at ages of 10,000-20,000 years.
In the early Sedov phase, SNRs are relatively faint because they have not swept up
enough material; in the late Sedov phase; they fade because the post-shock plasma
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temperature has dropped. SNRs expanding into a dense ISM are brighter, but evolve
more rapidly. The spectra are soft, at least at ages greater than 1,000 years.
H II regions also contain thermal plasma, but they typically are much less lumi-
nous (< 1034 ergs s−1) than SNRs. Giant H II regions do have X-ray luminosities of
up to 1037 ergs s−1, but are easy to isolate based on their Hα luminosities and stel-
lar content. Wind blown bubbles are occasionally not distinguishable from SNRs,
especially if one allows large objects (>100 pc diameter) in the sample.
Although most Galactic SNRs were first identified as radio sources, a number
were first detected or suggested as SNRs as a result of their detection as extended X-
ray sources from the ROSAT all-sky survey[57]. These include the aforementioned
RXJ1713-39 and Vela Jr, as well as more typical thermal plasma dominated objects,
such as G38.7+1.4 [58], G296.7-0.9 [59], G299.2-2.9 [60], and G308-1.4 [61]. It is
quite likely that additional Galactic SNRs will be identified as part of the eROSITA
all-sky survey [62], which will be about 30 times more sensitive than ROSAT.
In other galaxies, especially those beyond the Local Group, SNRs are relatively
faint and difficult or impossible distinguish from point sources on the basis of spa-
tial extent. Fortunately, most other galactic X-ray sources (neutron star and black
hole binaries) and most background sources (AGN and galaxy clusters) have rela-
tively featureless hard spectra that with spectral resolution and counting statistics
are easy to distinguish from the thermal plasma-dominated spectra of most SNRs,
simply on the basis of hardness ratios. However, this still leaves a group of compact
sources, the so-called supersoft sources thought to be white dwarf binaries that have
luminosities as high as 1038 ergs s−1. These objects have very soft hardness ratios
(corresponding to effective temperatures of 105 to 106K) [63], which makes them
hard to separate from SNRs (given limited source counts). Stiele et al. [64] iden-
tify 30 sources in their survey of M31 with XMM as supersoft sources, which is
comparable to the number of objects they suggest are SNRs. Many of these super-
soft sources are variable, but the fact that this source population exists means that
it is dangerous to assume that all soft X-ray sources in a galaxy are SNRs. Conse-
quently, most observers require something other than a hardness ratio to declare an
X-ray source as a SNR candidate, usually association with an optical or radio source
that has the properties of a SNR.
There have been a few X-ray only searches for SNRs, where observers have
tried to establish a set of X-ray candidates without complementary information at
other wavelengths. Leonadaki et al. [65] identified 37 objects in archival Chandra
data as SNR candidates in six nearby galaxies (NGC2403, NGC3077, NGC4214,
NGC4449, NGC4395, and NGC5204) based on their X-ray hardness ratios or col-
ors. Of these, only 7 had been previously suggested as SNR candidates. This is a
useful exercise since one is not biased by the characteristics expected for SNRs at
other wavelengths, though it remains to be seen how many of these objects actually
turn out so be SNRs as more sensitive observations are carried out.
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2.4 IR Identification of SNRs
Historically, very few SNRs have been identified via observations in the IR. How-
ever, the [Fe II] λ λ1.27,1.64 µm is, like [S II], a tracer of radiative shocks, and can
be used in conjunction with, for example, Paβ to separate H II regions from SNRs
(see, e.g. Mouri et al. [66] for a discussion of the shock models and Oliva et al.
[67, 68] for early IR spectroscopy of Galactic SNRs ).
Greenhouse et al. [69] used Fabry-Perot imaging of the [Fe II] λ1.64 µm line
to identify 6 sources in M83 which they argued were an older population of SNRs
than those identified in the radio. Subsequently, Morel et al. [70] imaged 42 [S II]-
identified SNRs in M33, detecting about 10, with [Fe II] λ1.64 µm luminosities of
0.2− 27× 1035 ergs s−1. The advantage of NIR imaging is that line of sight absorp-
tion is less of a problem in the IR; the disadvantages are that the night sky is much
more of a problem in the IR and until recently, advances in detector technology were
delayed compared to CCDs.
However, the picture is changing with improvements in IR detectors. Blair et al.
[10], as part of of Hubble Space Telescope (HST) imaging study ofM83, has found a
number of emission nebulae in M83 coincident with X-ray sources that are apparent
in [Fe II] λ1.64 µm, but not in [S II], that are likely to be SNRs. An example is
shown in Fig. 5. Some impetus for such studies should arise both from the more
systematic studies of [Fe II] emission in Galactic SNRs that are currently underway
[71], and from assertions that the [Fe II] imaging of galaxies can be used an an
estimator of the SN rates [72].
3 The Samples Today
3.1 The Galaxy
According to Green [3], there are now 294 identified SNRs in the Galaxy. Nearly
all have been detected at radio wavelengths, while 40% have been detected in X-
rays and 30% have been detected in the optical (the low fraction being a result
of the effects of absorption in the plane of the Galaxy). Of the SNRs, 79% are
shell-like (though in many cases the actual shell-structure is quite complex), and
5% are center-filled (dominated by emission from the “wind” of a central pulsar
like the Crab). The remaining SNRs have a composite morphology, with evidence
for emission from both the central pulsar and a shell. Usually, SNRs with radio
shells detected at X-ray wavelengths also show X-ray shells, but there is a group
comprising some 20% of the total that have center-filled X-ray morphologies.
Mid-IR emission, which arises both from shock-heated dust grains and from IR
lines in hot gas, from SNRs was first detected in the all sky survey conducted with
the Infrared Astronomical Satellite (IRAS) at 12, 25, 60, and 160 µ . Arendt [74] and
later Saken et al. [75] claimed detections of about 30% of the SNRs known at the
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time. They found that the morphologies of SNRs in the mid-IR were similar to that
observed at X-ray and radio wavelengths and established that the IR luminosities of
SNRs were in some cases comparable to their X-ray luminosities. With the Spitzer
Space Telescope, new surveys of SNRs were undertaken with considerably higher
precision. In particular, Pinheiro Gonc¸alves et al. [76] found 39 counterparts to the
121 SNRs contained in the region surveyed with Multiband Imaging Photometer for
Spitzer (MIPS) as part of the MIPSGAL Survey (at 24, 60, and 160 µ); they argued
that the detection rate was primarily limited by confusion in the plane of the Galaxy,
that X-ray bright SNRs were found preferentially and that the IR luminosities of the
detected SNRs were comparable to X-ray luminosities. At shorter Infrared Array
Camera (IRAC) wavelengths (3.6, 4.5, 5.8, and 8.0 µ), where emission from SNRs
can arise from shock-heated dust, atomic fine-structure lines, molecular lines and
occasionally synchrotron emission, Reach et al. [77] reported 18 detections in the
GLIMPSE survey region containing 95 SNRs. Many of the other SNRs in the survey
region could have significant infrared emission but are located along lines of sight
with large amount of emission due to H II regions and atomic and molecular clouds.
At least 30 of the Galactic SNRs have been detected in γ-rays (1-100 GeV) with
Fermi LAT (see Acero et al. [78] for a good summary of the current list of detec-
tions, and an overall interpretation). The detected SNRs, which have typical νLν
luminosities of 1035 ergs s−1, fall into two subclasses, “young SNRs” in the free
expansion or Sedov phases, and SNRs interacting with molecular clouds. γ-rays
can be produced from relativistic electrons either through inverse Compton emis-
sion or by bremsstrahlung radiation, or alternatively from relativistic protons (and
other hadrons) which created pions which then decay to γ rays. Both processes are
thought to play a role. To date, a correlation between the radio and γ-ray fluxes has
not been demonstrated [78].
The sample of SNRs in the Galaxy is not really complete, at least in the sense
that all SNRs of certain intrinsic properties in the Galaxy have been discovered.
Green [79] estimates that the radio sample is approximately complete to a surface
brightness limit of 10−20Watts m−2Hz−1sr−1. There are 68 SNRs brighter than this
limit, but Green notes that a selection bias still exists. Specifically, it is hard to
recognize small diameter, distant SNRs which will be in the Galactic plane along a
line of sight near the Galactic Center where source confusion is likely. The situation
is clearly worse at optical and X-ray wavelengths, where absorption is more of a
problem.
The number of Galactic SNRs should continue to growwith better all sky surveys
at X-ray wavelengths, such as eROSITA [62], and emission line surveys, including
the Isaac Newton Telescope Photometric Hα Survey IPHAS [80, 81], its southern
hemisphere VLT counterpart VPHAS [82], and the UKIRT wide field imaging sur-
vey of Fe+ (UWIFE) [83]. The follow-up from detections of γ-ray sources is also
likely to continue to pay dividends in this regard.
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3.2 Magellanic Clouds
Because the Large and Small Magellanic Clouds are nearby (50 and 60 kpc, respec-
tively) and because they lie along lines of sight with very low Galactic and internal
absorption, more is known about the SNRs in the Magellanic Cloud as a group than
in any other galaxy. Not only is it fairly straightforward to study the SNRs, it is
also possible to study the environments around them as result of the large amount
of ancillary data that has been accumulated on the Magellanic Clouds for a variety
of other purposes.
The first SNRs in the LMC were detected as non-thermal radio sources by Math-
ewson & and Healey [84] and subsequently confirmed as SNRs on the basis of
strong [SII]:Hα ratios by Westerlund & Mathewson [85]. The numbers grew during
the 1970s, primarily as a result of work by Mathewson & Clarke [5], as radio and
optical instrumentation became more sensitive and as systematic searches for SNRs
were carried out. Long, Helfand & Grabelsky [39] used Einstein to carry out the first
X-ray imaging survey of the LMC; of the 97 X-ray sources detected, they found 26
SNRs, including a number which had not been known previously.
According to Maggi et al. [6], there are currently 59 confirmed SNRs in the
LMC. Nearly all have been detected at X-ray, optical, and radio wavelengths. Most
of the SNRs have optical spectra. Russell & Dopita [86] (see, also [87]) have used
the spectra to measure ISM abundances in the LMC. Echelle spectra exist for a
significant fraction of the SNRs, allowing one to study the expansion velocity of the
optical filaments [88]. One of these SNRs B0540-69.3 [89, 90] contains an 80 ms
pulsar [91] which produces γ-ray pulses 20x brighter than the Crab pulsar [92]. One
young SNR, N49, is coincident with a soft γ-ray repeater [93, 94, 95]. Light echoes
from the SN explosion have been seen from three [96]. At least one X-ray bright
SNR, N132D, has portions of its optical spectrum dominated by emission from the
shocked ejecta [97, 98]
About 60% of the SNRs known in the LMC have been detected with Spitzer [99]
in the NIR where emission can arise from molecular shocks, synchrotron radiation,
ionic lines, or PAH emission and/or in the MIR (mainly) from shock-heated dust.
Seok et al. [99] use these data to argue that LMC SNRs are fainter on average than
Galactic SNRs in the IR, presumably due to lower dust to gas ratios in the LMC
than the Galaxy, and that the SNRs of Type Ia SNe are significantly fainter than
those arising from core-collapse SNe.
This situation is similar for the Small Magellanic Cloud (SMC) although the total
number of SNRs (25) is smaller, as one would expect since the SMC is less massive
the LMC. The first optical/radio SNR in the SMC was discovered by Mathewson &
Clarke [100]); the first X-ray SNR. the second brightest X-ray source in the SMC,
was found by Seward & Mitchell [101], as part of the first X-ray imaging survey
carried out with the Einstein Observatory. Nearly all of the SMC SNRs have been
detected in X-rays [21] with XMM, and most have radio fluxes [50, 102] and opti-
cal spectra [86, 102]. Many of the SNRs have been studied in detail. The remnant
E0102-72.3, discovered with Einstein, is one of the very small number of SNRs
showing emission from ejecta at optical wavelengths [103]. One SNR, HFPC 334,
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appears to be a composite SNR, comprised of an active pulsar inside a shell-like
radio source [104].
3.3 M33
The first three SNRs in M33 were identified by D’Odorico, Benvenuti, & Sabbadin
[105] using interference filters and image tube photography, and the numbers grew
significantly with the advent of CCDs [106, 107].
A detailed study of SNRs in M33 using a combination of deep Chandra expo-
sures and optical data from the Local Group Galaxy Survey (LGGS) [31] survey
was carried out by Long et al. [7]. They found 137 optical SNR candidates (with
[S II]:Hα>0.4) in M33, with diameters ranging from 8 to 179 pc. Of these, 82
were detected in X-rays with 0.35-2 keV luminosities in excess of 2× 1035 ergs s−1,
and of these seven were bright enough for detailed spectral analysis. Based on a
spectral analysis of all of the sources detected in M33, Long et al. estimated that
they had identified all of the thermal plasma-dominated X-ray SNRs brighter than
4× 1035 ergs s−1, at least in the region covered by the Chandra survey.
Subsequently, Lee & Lee [8] reexamined the LGGS data and produced a larger
sample of 199 optical SNR candidates. Their sample is larger in part because they
surveyed a larger region of M33 and pushed to fainter surface brightnesses, and
somewhat different because they excluded objects with diameters greater than 100
pc. They argued that objects with these characteristics were unlikely to be SNRs
and should be excluded. Long et al. discussed some of these concerns, but felt that
excluding such objects as candidates was premature. However, the differences also
reflect the subjective aspects of identifying optical SNR candidates, the majority
of which are very faint and near the sky background limit in the LGGS and other
ground based data. If the two lists are combined, there are 217 optically-identified
SNRs and SNR candidates in M33. Of these, 86 of these, all from the list of Long
et al., have optical spectra.
Most recently, Williams et al. [108] have described the results of their analysis
of a new deep set of XMM observations covering a larger region of M33 than was
observed with Chandra; in addition to recovering most of the SNRs reported as X-
ray sources by Long et al., they detected 8 new X-ray SNRs, three of which are in
the outskirts of the galaxy.
D’Odorico, Goss & Doptia [109] carried out the first successful radio search for
SNRs in M33 using the Westerbork Synthesis Radio Telescope (WSRT) at 21 cm.
They reported five certain and three probable detections of sources at the positions
of the 12 optically-identified SNRs known at the time. Subsequently, Gordon et al.
[51] used the a combination of Very Large Array (VLA) and WSRT observations
obtained at 6 and 20 cm with an angular resolution of 7”, or 30 pc, to construct
a catalog of 186 sources in M33. Of these sources, they identified 53 sources as
spatially coincident with one of the 98 optically-identified SNRs known at this later
date. The mean radio spectral index of the radio sources identified as SNRs was
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0.5, and the summed radio luminosity of SNRs in M33 comprised 2-3% of the total
synchrotron emission in M33. There were a number of other non-thermal sources
detected above their surface brightness limit of 0.2 mJy along the line of sight to
M33, but they noted that most of these were likely background sources.
None of SNRs identified in M33 is very young. There are no objects, like N132D
or E0102-72.3, in the Magellanic Clouds, whose optical emission is dominated
by emission from shocked ejecta, or even any SNRs with broad optical emission
lines. There is an X-ray source with a power-law spectrum coincident with a small-
diameter radio source that Long et al. suggest may be a pulsar-wind nebula.
3.4 M31
The first few SNRs in M31 were identified Kumar [110], and subsequent image
tube photography by D’Odorico et al. [111] and by Blair et al. [112], respectively,
expanded the number of spectroscopically confirmed SNRs to 14. Because of its
very large size, M31 was actually less surveyed than several other nearby galaxies
for many years. Braun & Walterbos [113] found 52 SNR candidates in the first
CCD-based search for SNRs in M31, but surveyed only a portion of the galaxy.
Magnier et al. [114] identified 179 candidates in seventeen fields totaling a square
degree of the galaxy, but their selection of candidates was based on morphology in
Hα . They did not use the [SII]:Hα ratio as a criterion, and as a result, there was no
direct evidence that the majority of the nebulae selected by Magnier et al. actually
contained shocks. The situation has changed recently however, as Lee & Lee [22]
have searched the LGGS survey images of M31 for SNRs, just as they had done
for M33. They identified 156 emission nebulae with diameters less than 100 pc as
SNRs or SNR candidates on the basis of [S II]:Hα >0.4 and circular morphology.
Most of the candidates are associated with the spiral arms of M31.
Although the first X-ray detection of a SNR in M31 was most likely made by
Blair et al. [112] using Einstein, the first reliable characterization of the X-ray prop-
erties of SNRs in M31 has required the greater sensitivity ofChandra and especially
XMM [115, 64]. According to Sasaki et al. [116], there are now 26 confirmed X-ray
SNRs in M31, 21 of which had been thought to be SNRs based on earlier observa-
tions, and six which were discovered as a result of the XMM studies. These SNRs
are confirmed in the sense that they have both the X-ray and optical characteris-
tics of SNRs. The X-ray luminosities of the SNRs range from 2× 1035 ergs s−1 to
8× 1036 ergs s−1 in the 0.3-2 keV band. There are also 20 candidate SNR, objects
that either have soft X-ray spectra, but ambiguous evidence from other wavelength
bands as to whether the object is a SNR, or hard X-ray spectra but evidence for a
radio source or a nebula with high [S II]:Hα ratios at that position.
The first radio search for SNRs in M31 was carried out Dickel et al. [117] who
used the VLA at 20 cm and reported the radio detection of 7 SNRs identified earlier
by D’Odorico et al. [111]. Although some other efforts to characterize small num-
bers of SNRs in M31 have taken place since then [113, 118], the SNR population
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of M31 is still not well-characterized at radio wavelenths. Galvin & Filipovic [119]
have published a catalog of 916 point sources in 20 cm radio images of M31 con-
structed from archival VLA data and compared the positions of these point sources
to SNR candidates suggested by others. With a flux limit of about 2 mJy, they find
13 objects whose position matches those contained in the list of optical candidates
produced by Lee & Lee [22]. Of the 47 SNRs and SNR candidates reported by
Sasaki et al. [116] in X-rays with XMM, they find 11 overlaps.
As is true of M33, no very young SNRs have been identified as yet, with the
exception of the remnant of SN 1885, which Fesen et al. [120] have imaged in
absorption with HST against the stars in bulge of M31.
3.5 Supernova Remnants Beyond the Local Group
The first 17 SNR candidates in six galaxies beyond the Local Group were identi-
fied by D’Odorico et al. [111] using photogaphic plates. The first large CCD-based
searches were carried out by Blair & Long [26] who identified 56 SNR candidates
in the Sculptor Group Galaxies, NGC300 and NGC7793, and by Matonick & Fesen
[11] who identified a total of about 400 SNR candidates in NGC5204, NGC5585,
NGC6946, M81, and M101.
As shown in Table 1, optical samples of varying depths now exist for more than
20 galaxies within 10 Mpc [12]. These include NGC2403 with 150 candidates [24],
M83 with nearly 300 candidates [9, 27], and M101 with 93 candidates [11]. A nec-
essary next step for improving the reliability of these samples is to obtain the spec-
tra of as many of these candidates as possible. This is underway for many of these
galaxies, including M81, where Lee et al. [121] have obtained spectra of 28 of 41
optically identified SNR candidates; they find that 26 of their 28 objects should be
retained as candidates.
As noted earlier, there have been relatively few dedicated radio searches for
SNRs outside of the Local Group. In the Sculptor group spiral NGC300, Payne
et al. [122] used data from the VLA and from ATCA to identify 18 non-thermal
radio sources associated with Hα emission or an X-ray point source in XMM data
as SNRs; five of these were in Blair & Long’s list of optical SNRs, but 13 were new.
Of the 18 sources, six were also detected with XMM. In another Sculptor group spi-
ral NGC7793, Pannuti et al. [123] identified five radio SNR candidates. Lacey et al.
[52], as discussed earlier, identified 35 objects in the starburst galaxy NGC6946 as
radio SNRs, six of which Pannuti et al. [124] found to be X-ray sources in Chandra
images.
M82 is an exception in terms of the importance of radio observations. At 3.2
Mpc, M82 is the closest example of a prototypical starburst galaxy, that is a galaxy
undergoing a huge burst of star formation (due in the case of M82 to a near collision
with M81). Such galaxies contain a large amount of dust, and this dust, heated by
early type stars, radiates strongly in the FIR. The current star formation rate (SFR)
in M82 is about 10 M⊙ yr
−1, much greater than the Galaxy. With this SFR, M82
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produces a large number of SNe, 1 every 10 to 20 years, and hence a large number
of very young SNRs. The SNRs are mostly buried behind large amounts of dust
and hence primarily accessible at radio wavelengths. The first radio studies of M82
were carried out by Kronberg&Wilkinson [125], and the galaxy has beenmonitored
since that time with the VLA and MERLIN. Huang et al. [25] observed the highly
reddened galaxy with the VLA at a resolution of 0.2” and identified 50 sources near
the center of the galaxy with diameters all less than that of Cas A, and with higher
radio surface brightness as well. They argued the vast majority of these were SNRs
expanding into the high pressure ISM of the central region of M82. They found these
sources obey a Σ -D relationship that extrapolates to that of the Σ -D of Galactic and
Magellanic Cloud SNRs. Repeated observations with Merlin and the VLA and with
very long baseline interferometry have allowed one to measure the time evolution
of the radio fluxes and, in many cases, the expansion velocities of the SNRs. For
example, Fenech et al. [126] used MERLIN to detect about 35 SNR in M82 ranging
in diameter from 0.3 to 6.7 pc, with a mean of 2.9 pc. Most of the sources show
shell-like morphologies. They measured expansion velocities ranging from 2200
kms−1 to 10,500 kms−1 in 10 SNRs. These velocities are significantly larger than
predicted by Chevalier & Franson [127] who suggested that the radio SNRs in M82
were expanding into a dense 103 cm−3 ISM and mostly in their radiative phase. The
distribution of diameters in this SNRs measured by Fenech et al. suggests that most
of the SNRs are in the free expansion phase and that the SNRs are expanding into
the region carved out by the winds of a progenitor red giant star.
X-ray identifications of SNR candidates in galaxies beyond the Local Group have
mostly proceeded from attempts to identify X-ray sources with nebulae satisfying
the optical criteria for SNRs or as radio SNRs. Deep observations with Chandra
are required to see all but the most luminous SNRs in Galaxies beyond the Local
Group. Matonick & Fesen [11] had identified 93 emission nebulae as optical SNR
candidates in M101. Franchetti et al. [28] re-examined the 55 objects in the sample
that were contained in archival Hα images obtained with HST, ranging in size from
20 to 330 pc, including 16 with diameters greater than 100 pc. They found that these
that 21 of the 55 candidates had X-ray counterparts in very deep (1 Ms) Chandra
observations [128]. And Long et al. [73] analyzed a series of Chandra observations
of M83 totaling 729 ks. They found 378 point sources within the D25 contour of the
galaxy, including 87 sources which appeared to be SNRs based on a combination
of their X-ray properties and coincidence with either an optical SNR candidate or
a radio source within the galaxy. Smaller numbers of X-ray detected SNRs exist in
other galaxies outside the Local Group.
Not surprisingly, most of the SNRs that have been discovered in galaxies beyond
the Local Group appear, with the limited information available, to be older, larger
diameter SNRs, since one typically looks for objects with some indication of spatial
extent, and small diameter SNRs radiating primarily in the oxygen lines are hard
to separate from planetary nebulae. There have been nine SNe in NGC6946, and
six in M83 in the last 100 years, which implies there are about 90 and 60 SNRs in
these galaxies of age less than 1,000 years. But this also means there are many more
SNRs with ages of up to 20,000 years, so young SNRs are going to be rare. A few
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may have been found depending on one’s decision about when to declare an object
a SNR, as opposed to late time emission from a SN since some SNe have been
observed essentially continuously from the time they exploded [129]. The bright
optical, radio, and X-ray SNR in NGC4449 was probably due to a SN that was
missed in the last 50-100 years [130].
One pathway forward to identifying younger SNRs is through higher angular res-
olution observations at optical or radio wavelengths. There are now some searches
that are being carried out with the WFC3 on HST, which has the requisite filters,
that might address this problem. For example, in M83, Blair et al. [27] found 26
new small diameter SNRs (by carefully inspecting HST images near X-ray point
sources) and measured small (≤ 0.5 arcsec or 10 pc) diameters for 37 others. How-
ever, so far only one of these objects is known to have very broad optical emission
lines [10]; this particular object, which was also detected as an X-ray source and a
radio source, was most likely another example a SN in the last 100 years that was
missed. The rest of the small diameter objects look to be SNRs that are evolving in
a denser ISM than the typical SNR in other galaxies.
4 What the samples tell us about SNRs as a class
The past 50 years have seen a lot of progress in terms of identifying samples of
SNRs both in the Galaxy and nearby galaxies. However, we now need to ask what
we can learn from these samples.
4.1 Luminosity Function
The luminosity function of SNRs, expressed as the number of SNRs with a luminos-
ity less than a specific value, at radio, optical (Hα) and X-ray wavelengths for sev-
eral galaxies is shown in Fig. 6. In all cases, the shapes of the luminosity functions
are affected by sample completeness at low luminosity. To the extent that conditions
are similar in these galaxies, one might expect that the normalization of the luminos-
ity functions would reflect the number of SNe in each galaxy, and, since most SNe
arise from relatively young stellar populations, the overall SFR. Leonidaki et al.
[65], for example, assert that the number of X-ray SNRs brighter than 1036 ergs s−1
in a galaxy is proportional to the SFR. They also suggest that SNRs in irregular
galaxies tend to be more luminous than in spiral galaxies, possibly due to the fact
that the lower metal abundances observed in irregular galaxies results in more mas-
sive SN progenitors. Maggi et al. [6] find the X-ray luminosity functions of both
M31 and M33 can be fitted as a power law with a slope about 0.8, but that the SMC
is significantly flatter (0.5). They find that the luminosity function of the LMC is
complex, with 13 SNRs brighter than 1036 ergs s−1. Like Leonidaki et al., they at-
tribute this due to low metallicity, but suggest that the winds of more massive stars
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in the LMC create low density cavities, which result in luminous SNRs when the
SN shock reaches the cavity walls at ages of a few thousand years [132].
Similarly, Chomiuk & Wilcots [133], using a sample of radio SNR candidates
in 18 galaxies, ranging from the Magellanic Clouds to galaxies like M51 and M82,
argue SNRs generally have a power distribution of luminosities with a scaling that
is proportional to the SFR. Specifically, they find overall
dN
dLν
= 92 SFR L−2.02ν (1)
where Lν is the specific luminosity at 1.4 GHz (20 cm) in mJy and SFR is in units
M⊙ yr
−1. Unlike Thompson et al. [134], they find no indication that the peak (or
average) luminosity is related to the gas density of the galaxy.
At optical and X-ray wavelengths, luminosity functions are difficult to interpret
in terms of physical models because the amount of emission is very dependent on
the local ISM density. However, this may not be the case at radio wavelengths.
Following early theoretical work by Reynolds & Chevalier [135] and Berezhko &
Vo¨lk [136], Chomiuk &Wilson argue that the slope of the radio luminosity function
can be understood in terms of a model in which (a) most of the SNRs are in the
Sedov phase, (b) the cosmic ray energy is a fixed fraction of the SN explosion energy
throughout the Sedov phase, and (c) the magnetic field energy density behind the
shock is amplified to ∼ 0.01ρov
2
s .
Whether this particular interpretation of the radio luminosity function is actu-
ally physically correct is difficult to determine; as the specific luminosities of SNRs
with the same diameter vary substantially (see below), so a complete interpretation
of the radio emission from SNRs has to account for these differences. Nevertheless,
luminosity functions at all wavelengths are clearly useful for estimating complete-
ness of samples, and the total amount of radiation arising from SNRs at the various
wavelengths.
4.2 The Diameter Distribution of SNRs
A natural question arising in any attempt to explain the properties of any SNR sam-
ple is how to explain the distribution of diameters in the sample. If most SNRs
are in the Sedov phase, then one would naively expect the number of SNRs in a
sample with diameters less than D (N< D) to increase as D5/2. However, early ver-
sions of the N<D - D relationship for the Large Magellanic Clouds [5, 137] and
for M33 [138] showed that the numbers increased roughly with D, as if SNRs ex-
panded without significant deceleration to fairly large diameter. The current N<D -
D relationships for the Magellanic Clouds, M31 and M33 are shown in Fig. 7.
The naive expectation that N should be proportional to D5/2 depends on whether
a SNR sample is complete over a significant range of diameters. Hughes, Helfand
& Kahn [139] showed that for reasonable variations in SN energy and ISM density,
one could produce a flat N<D - D relation if the sample was X-ray flux limited even
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if the majority of the SNRs were in the Sedov phase. The reason for this is illus-
trated in the right hand panel of Fig. 4; a SNR expanding into a higher density ISM
has higher peak luminosities but fades away at lower diameters than a SNR from an
identical SN expanding into a lower density medium. As a result, in an X-ray flux
limited sample, SNRs expanding into a lower density medium are visible at larger
diameters. Although the number of SNRs known in the LMC has grown since the
work of Hughes, Helfand & Kahn, the N<D - D relationship for the Large Magel-
lanic Clouds remains relatively flat. A recent analysis of the N<D - D relationship
was carried out by Badenes, Maoz & Draine [131] in the Magellanic Clouds. They
argue that the current sample is mostly complete, and that most of these SNRs are
in Sedov phase, but that the relation is largely governed by variations the density of
the ISM.
The observational situation in other galaxies is less clear. Badenes, Maoz &
Draine [131] also analyzed the M33 SNR sample of Long et al. [7] and found it
to resemble that of the Magellanic Clouds in the range of 10-30 pc, while Lee &
Lee [8] using their sample of 199 SNRs and SNR candidates find a power slope of
2.4 in the range 17 to 50 pc, identical to that expected for a pure Sedov expansion.
Lee & Lee attribute this discrepancy to differences in the sample and also to differ-
ences in the diameter measurements. Interestingly, Lee & Lee [22] also find that the
size distribution of all of the SNRs they identified in M31 is consistent with a Sedov
expansion law. A thorough analysis, with a detailed assessment of completeness and
contamination, of both the M33 and M31 samples would be desirable.
4.3 Radio Surface Brightness - Diameter Relationship Σ -D
As noted earlier, the study of SNRs as a class of objects began with the identification
of SNRs in the Galaxy and the Magellanic Clouds as extended radio sources. The
relationship between radio surface brightness and SNR diameter, the so-called Σ - D
relationship, was one of the first correlations to be identified in early SNR samples
[142], and remains one whose importance continues to be discussed. Small diameter
SNRs typically have higher surface brightnesses than larger ones. Sklovskii [143]
pointed out that this fact, expected on theoretical grounds, could be used to esti-
mate distances to SNRs if it could be calibrated with SNRs of known distances.
For Galactic SNRs, some of which have only been observed at radio wavelengths,
it continues to be advocated by some for this purpose, if there is no alternative
[144, 145, 140].
The radio surface brightness as a function of diameter for a collection of Galactic
SNRs (with distance estimates) and of objects in the Magellanic Clouds, M31, M33,
and M82 is shown in the left panel of Fig. 8. It illustrates both the fact that there is
an apparent relationship between size and radio surface brightness and the problem,
that the radio surface brightness at a particular diameter varies by large factors.
Clearly as pointed out by many, distance estimates using a Σ - D relationship, any
distance estimate based on this method will be crude at best.
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The Σ - D relation is usually expressed in terms of a power law of the form
Σ = ADβ . If all SNRs had the same radio luminosity, then Σ ∝ D−2. Errors arise not
only from the fact that SNRs from identical SNe evolving in different ISMmay have
different radio luminosities at the same diameter, but also from sample completeness
biases, and in some cases, the way in which the power law index is derived from the
observational data [79].
The advantage of the Galactic sample is that one has more detailed information
about the SNRs, and can weed out pulsar dominated SNRs, e. g. the Crab Nebula,
which are not expected to follow the same relationship as the shell-like SNRs; the
disadvantage is that the uncertainties in the distance measurements in the SNRs
used in determining the Σ - D are quite difficult to quantify. Most estimates of
the power law exponent in the Galactic sample fall in the range of -4±1. Clark &
Caswell [142] in an early analysis of the Galactic sample derived a value of about
-3, similar to the value Mathewson & Clark [5] had found for LMC SNRs. Case &
Bhattacharya [144] found a value 2.64 for a sample of 37 SNRs, which included
Cas A, although their analysis approach has been criticized by Green [79]. Pavlovic´
et al. [145, 140], who attempt to account for the distance uncertainties for individual
objects, find steeper exponents of order -5.
Extragalactic samples of SNRs are all at known relative distances, but have the
disadvantage that completeness and sample purity (especially beyond the Local
Group) are difficult to estimate. One of the earliest attempts to study the Σ - D
relationship in galaxies beyond the Local Group was made by Berkhuijsen [146]
who used a sample of 86 SNRs from the Galaxy, LMC, M33 to derive a Σ - D rela-
tionship. She found that her sample could be defined by a power law index of -3.5,
but that the dispersion in surface brightness at any diameter was of order a factor of
10, something that is clear from the data plotted in Fig. 8. Huang et al. [25] obtained
measurements of a group of small diameter SNRs in star-burst galaxyM82, and also
found a Σ - D power law index of -3.5±0.1. However, Urosˇevic´ et al. [141] recently
analyzed the data for 11 galaxies, and conclude that an exponent of -2 is consistent
with the data for 10 of these galaxies. If this is correct, then it simply says that the
luminosity of a SNR does not vary strongly with size, and that factors other than
size are more important in determining the radio luminosity. To illustrate this, the
radio luminosity of the same sample of objects is shown in the right panel of Fig.
8. The M82 SNRs are clearly brighter than those in the rest of the sample, but the
dispersion in luminosity of the other samples at any diameter is so large that there
are no obvious trends with diameter.
4.4 X-ray - Optical Comparisons
As we have discussed, optical emission from SNRs arises, in most cases, from ra-
diative shocks driven into denser clouds in the ISM by the primary shock of a SN
explosion, while X-ray emission arises from material heated by the primary shock.
As a result, one might guess that there would not be much correlation of Hα lu-
SNR Samples 21
minosity with diameter or with X-ray luminosity. This is indeed the case. The left
panel of Fig. 9 shows Hα luminosities of SNRs and SNR candidates in M31 and
M33 as a function of SNR diameter from the studies of Lee & Lee [22] and Long
et al. [7], respectively. The right panel of the same figure shows X-ray luminosities
of SNRs in the LMC and M33 from the work of Maggi et al. [6] and Long et al.
[7]. In both cases, there is a lot of dispersion in luminosity at smaller diameters,
but the amount of dispersion decreases towards higher diameters. For the Hα im-
ages, the decrease in dispersion arises directly from the fact that optical searches for
SNRs are surface brightness limited. The X-ray surveys, by contrast, tend to be flux
limited. The upper envelopes of the two plots are not subject to selection effects.
Qualitatively at least, one can interpret the flatness that the Hα upper envelope of
the Hα luminosity distribution as being due to the fact that the emission is arising
from slower secondary shocks; the decline in the X-ray luminosities is due to the
fact that at X-ray wavelengths, a SNR expanding into a denser medium cools to the
point that the SNR is no longer detected even in soft X-rays.
The Hα luminosities of SNRs are generally larger than their soft X-ray lumi-
nosities, as is indicated in Fig. 10, at least if simple count rate conversions are used
to estimate X-ray luminosities. This is not a selection effect; if SNRs existed that
populated the high X-ray luminosity - low Hα luminosity section of the right panel
of Fig. 10, they would have been detected as X-ray SNRs, even if they had not been
identified as SNRs from their optical spectra. There is clearly no correlation between
X-ray and optical luminosity.
4.5 The progenitors of SNRs and the Type of the SN explosion
The most basic fact one would like to know about a SNR is whether the SNR is the
product of Type Ia or core-collapse SN. The best way to do this is to witness the SN
and then to watch the development of the SNR as we are currently able to do with
SN1987a, and a group of other less than 100 year old SNRs (see e. g. Milisavljevic
et al. [129]. Second best, perhaps, is to obtain spectra of the light echo of the SN
explosion, which as has been done for one SN in the LMC [147], confirming it to
be the result of a type Ia explosion. The others are also thought to be of type Ia on
the basis of their Balmer-dominated optical and X-ray Fe-rich spectra. The mere
detection of a light echo tends to favor a Ia explosion because core collapse SNe are
generally fainter than Ia SNe. However, it is much more common to attempt this
determination from the properties of the SNR itself or by studies of the local stellar
population.
Core collapse SNe ejecta are rich in CNO processed material, while ejecta from
Ia SNe are rich in Fe, Si and other elements produced by explosive nucleosynthesis.
This material is heated as the reverse shock traverses the ejecta, and slowly mixes
with shocked interstellar gas as the SNR expands. It is more easily detectable in
X-rays than at optical wavelengths since the material remains hot after the passage
of the reverse shock and most optical emission is produced at the edge of the SNR
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in secondary shocks passing through material with interstellar abundances. What
is required are X-ay spectra with sufficient high signal to noise obtained with high
enough spectral resolution to carry out a detailed abundance analysis, and in some
cases, enough spatial resolution to isolate ejecta material in the SNR interior from
material emitting at the shock front. With current instrumentation, this implies X-
ray typing of SNRs is really only possible for SNRs in the Galaxy, in the Magellanic
Clouds, and the brightest SNRs in M31 and M33.
The first X-ray determinations of progenitor type in SNRs outside the galaxy
were made by Hughes et al. [148] who used ASCA to show that two Balmer-
dominated SNRs in the LMC were, as had been previously suggested by Tuohy
et al. [38], the remnants of SNe of type Ia. As better X-ray spectra have been ob-
tained, many more SNRs have been typed. Maggi et al. recently concluded from an
analysis of the XMMX-ray spectra that about 20 SNRs in the LMC can be classified
as core-collapse or Ia SNRs on the basis of their X-ray spectra. and that six others
can be classified (as core-collapse objects) on the basis of other properties, mainly
related to the existence of a pulsar or pulsar wind nebula. They use these results to
argue that the ratio of CC:Ia SNRs is between 1.2 and 1.8, which is greater than
the ratio of about 3:1 that Li et al. [149] measured from a volume limited sample of
SNe or from abundances derived from studies of gas in galaxy clusters. Although
Maggi et al. consider the possibility that the unusual ratio of CC to Ia SNRs could
be due to multiple core-collapse SN exploding in the same star-formation region,
they favor an explanation associated with the star formation history of the LMC.
The progenitors of a small number of SNRs can also be typed on the basis of
their optical spectra. These include Cas A [41], G292+1.8 [42] and Puppis A [150]
in the Galaxy, and N132D [151] in the LMC and E0102-72.3 [103] in the SMC, all
of which show spectra dominated by very strong oxygen lines, and many of which
have other lines in their spectra, e.g. [Ne III], [Ne IV] and [Ar IV], not normally
seen in SNRs. All of the young SNRs whose spectra are dominated by Balmer lines
are most likely due to Ia explosions; a pre-requisite for a Balmer-dominated shock
is a partially neutral ISM, and the UV emission type II explosions is so strong that
it should completely ionize the surrounding ISM [38]. (Portions of the the Cygnus
Loop, which is thought to be the result of a core-collapse explosion, are Balmer-
dominated, but the majority of the filaments are radiative and this is a middle-aged
SNR.)
But SNRs which can be typed optically are rare. X-ray techniques are generally
more powerful, and are likely to become even more powerful with the next gen-
eration of experiments, e. g. Athena [152], which will include non-dispersive, high
resolution microcalorimeters that will make elemental abundance determinations far
more straightforward.
An alternative way to learn about the nature of the progenitor of a SNR is to study
the underlying stellar population. In the Magellanic Clouds, for example, Badenes
et al. [153] has shown that all of the core-collapse SNRs are associated with regions
of active star formation, while three out of the four Ia SNRs are associated with old
metal poor populations. Jennings et al. [154, 155] used HST data to construct color-
magnitude diagrams of 33 M33 SNRs and 83 M31 SNRs and estimate the age and
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mass of the progenitor in each case. They conclude that the distribution of masses
is inconsistent with that expected from a Salpeter mass function; there are too few
systems associated with very massive stars, suggesting an upper limit to the mass of
stars that explode as SNe.
5 Conclusion
A great deal of progress in understanding SNRs and how they affect the Galaxy and
the ISM has been made since it was recognized about 50 years ago that SNRs con-
stitute a large fraction of the brighter radio sources in the Galaxy. Observationally,
SNRs are very diverse, partly because the SNe that produces SNRs are diverse, but
perhaps more importantly because the circumstellar and interstellar environments
into which SNRs explode is diverse. Large (but incomplete) samples of SNRs exist
not only for the Galaxy but also for many nearby (<10 Mpc) galaxies. Though most
of the extragalactic SNRs have been discovered optically (through interference filter
imaging which detects SNRs as emission nebulae with elevated [S II]:Hα ratios),
it is important to continue to exploit techniques in other wavelength ranges – radio,
IR, X-ray, and γ-rays – in the future. Searches in multiple wavelength bands help to
assure we have more complete SNR samples, and detection in multiple bands is the
best way to be sure a SNR candidate is actually a SNR. Studies in multiple bands
are the best way to understand samples as a whole.
Galactic samples are important, despite uncertainties in distance to individual ob-
jects and the effects of absorption in the plane; this is the only sample where we can
study individual objects in detail and study the oldest, faintest objects. The extra-
galactic samples are important, despite our being able to learn less about individual
objects, because the samples in each galaxy are all at the same distance and can be
observed and compared much more uniformly than the Galactic sample.
There is still much to do in terms of interpretation of the existing samples. Be-
cause of the diversity of SNe and the environments in which they evolve, it is not
straightforward interpret the existing data. Although one can certainly expand the
numbers of galaxies in which SNRs are identified in the future, the path to better
understanding of SNRs as a class of objects is a more complete multiwavelength
study of SNRs in the nearby galaxies with known SNR samples, especially at X-ray
and radio wavelengths.
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Fig. 2 The spectra of a typical SNR candidate and a bright H II region in M83 as
observed by Blair & Long [32]. The SNR shows much more [S II]λ λ6717,6731
compared to Hα than the H II region, as well as emission from [O I]λ λ6300,6363
and [N II]λ λ6549,6583. The quality of the spectra is also fairly typical of those
observers try to obtain to confirm line ratios from imaging observations.














































Fig. 3 X-ray spectra of the two brightest X-ray SNRs in M33 as observed with
Chandra by Long et al. [7]. The spectra show clear evidence of the line emission
expected from a shocked thermal plasma.












































Fig. 4 Predicted Chandra count rates in 3 bands (0.35-1.1 keV, 1.1-2.6 keV, and 2.6-
8 keV) for SNRs at a distance of 1 Mpc assuming they are in the Sedov phase and
assuming a line of sight absorption of 5× 1020 cm−2. All of the curves terminate
at a kT of about 0.09 keV (because XSPEC models do not exist at lower kT); this
however, is well before the beginning of the radiative phase.
SNR Samples 33
Fig. 5 A 16” by 20” portion of M83 as observed with HST and Chandra[10]. The
upper left panel shows the [Fe II] image, the upper right panel shows a composite
Hα , [SII], [O III] image; the lower left panel shows a composite of U, B, V images;
and the lower light panel shows the Chandra image. Objects identified as SNRs
from [S II] imaging by Blair et al. [9] are shown in green; X-ray sources from the
catalog of Long et al. [73] are shown red, one of which the X-ray counterpart to an
optical SNR. All of the SNRs have [Fe II] counterparts. The field also contains one
other object, identified in yellow, that is bright in [Fe II] and is most likely a SNR
behind a dust lane.
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Fig. 6 The radio, Hα , and X-ray luminosity functions of SNRs in several nearby
galaxies. The various luminosity functions M31, M33, and the Large and Small
Magellanic Clouds are shown in blue, black, green and red, respectively. Data for
M33 was taken from Gordon et al. [51] and Long et al. [7]; for M31 from Lee et al.
[22] and for the Large and Small Magellanic Clouds from Badenes et al. [131] and














Fig. 7 The number of identified SNRs and SNR candidates in the Magellanic
Clouds, M31 and M33 as a function of their diameter. The data for the SMC and
LMC is from Badenes Maoz & Draine [131]. For M31, diameters were taken from
the catalog of Lee & Lee [22]. For M33, the catalogs of both Long et al. [7] and
Lee & Lee [8] are shown. Lines indicating the expected slopes of the curves for free
expansion and Sedov evolution are also plotted. Note that although the cumulative
N<D - D relation is shown here, the analysis of the distribution is more properly
done on the differential number density, since the data points in the cumulative dis-
tribution are not statistically independent.





















































Fig. 8 Left: The radio surface brightness of Galactic and extragalactic SNRs as a
function of SNR diameter. The Galactic sample comprises 65 SNRs with distance
estimates as compiled by Pavlovic´ et al. [140]. The extragalactic sample, divided
into objects from the Magellanic Clouds, the Local Group galaxies M31 and M33,
and M83 is taken from the compilation of Urosˇevic´ et al. [141]. The data for M82
is from Huang et al. [25]. The solid curves indicate power law slopes of -2 and -
4. Right: The radio luminosity of Galactic and extragalactic SNRs as a function of
SNR diameter.











































Fig. 9 Left: The Hα luminosities of SNRs in M31 [22] and M33 [7] as a function
of diameter. Right: The X-ray luminosities of SNRs in the LMC [6] and M33 [7].
Note that this is a semilog plot, unlike Fig. 8.
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2  Upper Limits
Fig. 10 Left: The ratio of Hα to X-ray luminosities of SNRs and SNR candidates in
M33 as a function of SNR diameter, as described by Long et al. [7]. Right: The Hα
luminosities as a function of X-ray luminosity, also from Long et al. [7]. The blue
data points are for SNRs that were detected in X-rays; the red data points represent
upper limits for the X-ray detection.
